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To understand the evolution of galaxies, we need to know as accurately as possible 
how many galaxies were present in the Universe at different epochs1. Galaxies in 
the young Universe have hitherto mainly been identified using their expected 
optical colours2–4, but this leaves open the possibility that a significant population 
remains undetected because their colours are the result of a complex mix of stars, 
gas, dust or active galactic nuclei. Here we report the results of a flux-limited I-
band survey of galaxies at look-back times of 9 to 12 billion years. We find 970 
galaxies with spectroscopic redshifts between 1.4 and 5. This population is 1.6 to 
6.2 times larger than previous estimates2–4, with the difference increasing towards 
brighter magnitudes. Strong ultraviolet continua (in the rest frame of the galaxies) 
indicate vigorous star formation rates of more than 10–100 solar masses per year. 
As a consequence, the cosmic star formation rate is higher than previously 
measured at redshifts of 3 to 4. 
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One technique to identify galaxies in the distant Universe is to use the 
discontinuity in the spectrum produced by the photon absorption below the 912 Å 
Lyman limit to isolate high-redshift galaxies from the dominating population of 
foreground galaxies in colour–colour diagrams. This technique has led to the 
identification of the Lyman-break galaxies (LBGs) at redshifts z≈2–4 (refs 2–4), the 
current reference for the high-redshift population. However, this colour-selection 
technique with its associated uncertainties and assumptions could exclude some 
significant fraction of the high-redshift galaxy population. The question therefore 
naturally arises whether there are galaxies at similar distances that have escaped 
searches at optical wavelengths. This can be checked using the basic observational 
approach of selecting all galaxies in a region of the sky brighter than a given apparent 
flux limit, followed by a systematic spectroscopic redshift measurement. This 
magnitude-selection technique has been used successfully from z≈0 up to z≈1.5 (refs 5–
9), but assembling significant samples of a few hundred z>2 galaxies requires 
spectroscopic observations of several thousands of sources. 
Here we report the spectroscopic identification of galaxies with 1.4≤z≤5 from a 
purely I-band (~8,100 Å) flux-selected sample. The VIMOS VLT (Very Large 
Telescope) Deep Survey (VVDS) has assembled a ‘first-epoch’ sample of ~8,000 
galaxies in the VVDS field in the Cetus constellation with measured redshifts in the 
range 0≤z≤5 (ref. 10). There are 970 galaxies with 1.4≤z≤5; the spectra clearly show all 
the features that are expected in this rest-frame wavelength range (Fig. 1). Using the 
ultraviolet continuum flux at 1,500 Å rest wavelength (L1500, in erg s−1 Hz−1), and the 
conversion11 to star formation rate (SFR, in solar masses per year, M~ yr
−1) given by 
SFR=1.4×10−28 L1500, we find that these galaxies have SFR=(10–100)M~ yr−1, without 
correction for dust absorption, indicating a strong star formation activity. Interestingly, 
only a small fraction (~15%) of these high-redshift spectra show Lyα in emission, with 
an average Lyα equivalent width of only 3 Å, a property already observed in other 
samples12. 
We estimate from these data the number density of galaxies in the redshift range 
1.4≤z≤5 as the number of galaxies corrected for the fraction of galaxies we have 
observed in the field, ~27%, and for the estimated fraction of galaxies with incorrect 
redshifts (Fig. 1), divided by the observed area, which is 1,700 arcmin2. The galaxy 
surface density is reported in Table 1 for each redshift range, and presented in Fig. 2. 
An additional uncertainty in these estimates is due to the large-scale fluctuations in the 
distribution of galaxies. We checked the amplitude of these variations in the  field by 
computing surface densities in sub-fields of sizes from 850 down to 100 arcmin2. We 
find differences of up to a factor of 3 in the smaller fields, but only about 3% in the 
larger fields; these are smaller than the quoted statistical errors of our density 
measurements and consistent with simulation predictions13. Importantly, the number 
density values reported here can be regarded as conservative lower limits, as the 
galaxies that have the right colours to be LBG candidates3, but for which we could not 
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assign a redshift, were discarded. If all of these objects are at the redshift suggested by 
their colours, they could increase the projected galaxy density by additional factors of 
1.5 to 2 at the fainter magnitudes at z≈3 and z≈4, respectively. In addition, we do not 
correct our density estimates for those galaxies which, while being in the redshift ranges 
considered here, may have been wrongly classified at lower redshift. With this 
conservative approach, we find a total surface density of galaxies down to a magnitude 
IAB=24 of Σ(z=[1.4,2])=0.758±0.101, Σ(z=[2.7,3.4])=0.235±0.025 and 
Σ(z=[3.7,4.5])=0.063±0.020 galaxies arcmin−2, using the same redshift ranges as in 
previous studies for comparison3,4. The galaxy surface densities we measure in the 
VVDS at z≈3 are between 1.6 and 6.2 times larger than those obtained from the colour-
selected Lyman-break samples3. 
This result therefore shows that the Universe contained more galaxies at 
redshifts 1.4 to 5 than previously reported using the colour-selection technique. The 
probability that the VVDS galaxy surface densities are consistent with the previously 
reported surface density of LBGs is less than 10−4 for the whole sample. Remarkably, 
we find that in the R-band magnitude intervals 22.5≤R≤23.0, 23.0≤R≤23.5 and 
23.5≤R≤24.0, the VVDS galaxy surface density is higher than that of colour-selected 
LBGs by factors of 6.2, 2.1 and 1.6 respectively, with corresponding probabilities of 
only 0.3%, 0.2% and 4.3% that the surface densities from the two samples are 
consistent with each other. This indicates that the bright end of the galaxy luminosity 
function at these early epochs is more populated than previously thought. The VVDS 
galaxies in the (u–g,g–r) diagram are mainly located near the boundary used to isolate 
LBGs in the colour-selection technique, as shown in Fig. 3. A significant fraction of 
galaxies has relatively red g−r colours, which may indicate the contribution of a 
reddened active galactic nucleus (AGN) to this population. Steidel et al.3 claim that the 
fraction of z≈3 galaxies that erroneously escape the LBG selection at magnitude IAB=24 
is about 40%, a figure highly dependent on the assumptions about the properties of the 
high-redshift population. Our results demonstrate that magnitude-selected samples, 
although requiring a large number of redshift measurements, provide a more complete 
census of the high-redshift galaxy population. More details about the properties of this 
new population of bright high-redshift galaxies (BHZGs) will be given elsewhere (S.P. 
et al., manuscript in preparation). 
While the VVDS provides direct evidence for higher galaxy densities at large 
redshifts than previously thought, this may have already been indirectly hinted at. From 
photometric-redshift analysis, Pascarelle et al.14 reported finding more galaxies outside 
the LBG colour box than expected, although their result is weakened by their large 
photometric error bars; Foucaud et al.15 reported a large surface density of LBGs from 
colour–colour selection, which is difficult to interpret as due to contamination by 
galaxies at other redshifts. An interesting result is the report of very bright LBGs at z≈3 
discovered in the Sloan Digital Sky Survey16: although this sample is small and might 
be partially contaminated by AGN, our extrapolated counts to bright magnitudes are 
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consistent with the number density of the SDSS objects of 1.2×10−6 galaxies arcmin−2 at 
magnitude IAB=20. Other searches of LBGs or Lyα emitters have produced samples of 
faint galaxies in fields about 20 times smaller, with little overlap with our luminosity 
range17, making a comparison with our sample difficult. The galaxies we have identified 
may only be partly related to dim red galaxies18 as they have a surface density 6 to 20 
times smaller than the VVDS galaxies, and are dimmer and redder than galaxies in our 
survey. We also estimate from redshift surveys of the faint sub-millimetre population 
that sub-millimetre galaxies are about 10 times less numerous19, and are therefore 
mainly a different population. We conclude that we have observed a population of 
bright galaxies that has not been identified before. 
Our discovery of a significantly larger galaxy population at high redshift than 
was previously believed has important consequences for our understanding of galaxy 
evolution. The galaxy formation process has to spawn a more numerous galaxy 
population producing more stars than previously assumed at a time when the Universe 
was ~10–20% of its current age. Summing the ultraviolet luminosity at 1,700 Å of 
galaxies brighter than a rest-frame absolute magnitude MAB(1,700 Å)=−22  in the 
observed volume (without correction for interstellar dust absorption), we find an 
ultraviolet luminosity density LD(1700Å)=1.6×1025 erg s−1 Hz−1 Mpc−3 and 
1.4×1025 erg s−1 Hz−1 Mpc−3 at z≈3 and z≈4, respectively (for the concordance 
cosmology Ω=0.3, Λ=0.7 and H0=70 km s−1 Mpc−1). This is more than twice that quoted 
in previous studies3,20,21. The total number of stars formed in bright galaxies at this 
epoch may therefore be two to three times higher than previously inferred. 
 
 Page 5 of 10 
 
1. White, S. D. M. & Frenk, C. S. Galaxy formation through hierarchical 
clustering. Astrophys. J. 379, 52–79 (1991).  
2. Steidel, C. C., Giavalisco, M., Pettini, M., Dickinson, M. & Adelberger, K. L. 
Spectroscopic confirmation of a population of normal star-forming galaxies at 
redshifts z > 3. Astrophys. J. 462, L17–L21 (1996).  
3. Steidel, C. C., Adelberger, K. L., Giavalisco, M., Dickinson, M. & Pettini, M. 
Lyman-break galaxies at z≥4 and the evolution of the ultraviolet luminosity 
density at high redshift. Astrophys. J. 519, 1–17 (1999).  
4. Steidel, C. C. et al. A survey of star-forming galaxies in the 1.4≤z≤2.5 redshift 
desert: overview. Astrophys. J. 604, 534–550 (2004).  
5. Glazebrook, K. et al. A faint galaxy redshift survey to B=24. Mon. Not. R. 
Astron. Soc. 273, 157–168 (1995).  
6. Lilly, S. J., Le Fèvre, O., Crampton, D., Hammer, F. & Tresse, L. The Canada-
France Redshift Survey. I. Introduction to the survey, photometric catalogs, and 
surface brightness selection effects. Astrophys. J. 455, 50–59 (1995).  
7. Le Fèvre, O., Crampton, D., Lilly, S. J., Hammer, F. & Tresse, L. The Canada-
France Redshift Survey. II. Spectroscopic program: Data for the 0000–00 and 
1000+25 Fields. Astrophys. J. 455, 60–74 (1995).  
8. Cowie, L. L., Hu, E. M. & Songaila, A. Detection of massive forming galaxies 
at redshifts z>1. Nature 377, 603–605 (1995).  
9. Cimatti, A. et al. The K20 survey. I. Disentangling old and dusty star-forming 
galaxies in the ERO population. Astron. Astrophys. 381, 68–72 (2002).  
10.  Le Fèvre, O. et al. The VIMOS VLT Deep Survey — First epoch VVDS-deep 
survey: 11564 spectra with 17.5≤IAB≤24, and the redshift distribution over 0< z 
≤5. Astron. Astrophys. (in the press); preprint at <http://arxiv.org/astro-
ph/0409133> (2004).  
11.  Kennicutt, R. S. Star formation in galaxies along the Hubble sequence. Annu. 
Rev. Astron. Astrophys. 36, 189–232 (1998).  
12. Ando, M. et al. Lyman break galaxies at z~5: Rest-frame ultraviolet spectra. 
Astrophys. J. 610, 635–641 (2004).  
13. Somerville, R. et al. Cosmic variance in the Great Observatories Origins Deep 
Survey. Astrophys. J. 600, L71–L74 (2004).  
14. Pascarelle, S. M., Lanzetta, K. M. & Fernández-Soto, A. The ultraviolet 
luminosity density of the Universe from photometric redshifts of galaxies in the 
Hubble deep field. Astrophys. J. 508, L1–L4 (1998).  
15. Foucaud, S. et al. The Canada-France deep fields survey-II: Lyman-break 
galaxies and galaxy clustering at z~3. Astron. Astrophys. 409, 835–850 (2003).  
16. Bentz, M. C., Osmer, P. S. & Weinberg, D. H. Bright Lyman break galaxy 
candidates in the Sloan Digital Sky Survey first data release. Astrophys. J. 600, 
L19–L22 (2004).  
 Page 6 of 10 
17. Lehnert, M. & Bremer, M. Luminous Lyman break galaxies at z>5 and the 
source of reionization. Astrophys. J. 593, 630–639 (2003).  
18. Förster Schreiber, N. M. et al. A substantial population of red galaxies at z > 2: 
Modeling of the spectral energy distributions of an extended sample. Astrophys. 
J. 616, 40–62 (2004).  
19. Chapman, S. C., Blain, A. W., Ivison, R. J. & Smail, I. A median redshift of 2.4 
for galaxies bright at submillimetre wavelengths. Nature 422, 695–698 (2003).  
20. Giavalisco, M. et al. The rest-frame ultraviolet luminosity density of star-
forming galaxies at redshifts z>3.5. Astrophys. J. 600, 103–106 (2004).  
21. Bunker, A. et al. The star formation rate of the Universe at z~6 from the Hubble 
Ultra-Deep Field. Mon. Not. R. Astron. Soc. 355, 374–384 (2004) 
 
Acknowledgements We thank ESO for continuous support of this programme; the CNRS, the University 
of Provence and the Italian INAF for funding; and S.J. Lilly and A. Renzini for discussions. The 
observations reported here are based on observations obtained at the European Southern Observatory 
Very Large Telescope, and on data products produced at TERAPIX and the Canadian Astronomy Data 
Centre as part of the Canada-France-Hawaii Telescope Legacy Survey, a collaborative project of NRC 
and CNRS.  
Author Information Reprints and permissions information is available at 
npg.nature.com/reprintsandpermissions. The authors declare no competing financial interests. 
Correspondence and requests for materials should be addressed to O.L.F. (Olivier.LeFevre@oamp.fr). 
 Page 7 of 10 
Table 1: Projected galaxy density in the VVDS 
 
IAB magnitude z=[1.4,2] z=[2.7,3.4] z=[3.7,4.5] 
22.0–22.5 0.021±0.006 0.005±0.002 0.001±0.001 
22.5–23.0 0.084±0.013 0.027±0.005 0.005±0.003 
23.0–23.5 0.227±0.033 0.060±0.008 0.013±0.005 
23.5–24.0 0.433±0.061 0.147±0.016 0.049±0.016 
 
The number of galaxies per square arc minute  in 0.5 magnitude intervals is 
tabulated for 3 redshift intervals from z=1.4 to z=4.5. The galaxy densities have 
been corrected for the sampling rate of the VVDS and the estimated fraction of 
incorrect redshifts. 
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Figure 1. Average spectra of VVDS galaxies. The average spectra of VVDS galaxies 
in three redshift ranges (a, 1.4≤z<2.5; b, 2.5≤z<3.5; and c, 3.5≤z<5.0). The main 
spectral features expected at these wavelengths are clearly visible in all spectra. There 
are 532 galaxies with reliable redshift measurements (quality flags 2, 3 and 4; ref. 10), 
and 438 of lower quality (flag 1; ref. 10). Since there are a number of uncertain redshift 
determinations in the VVDS, we must estimate the contamination of our sample by 
galaxies outside the redshift range of interest, which have been erroneously included in 
this range during our redshift measurement process. From the comparison of the sum of 
stellar absorption equivalent widths in the stacked spectra of galaxies with low-quality 
redshift measurements to those in the stacked spectra of galaxies with secure redshifts10, 
we estimate that approximately 69%, 52% and 46% of all VVDS redshifts in the range 
z=[1.4,2], [2.7,3.4] and [3.7,4.5], respectively, must be correct. Fλ, flux at wavelength λ. 
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Figure 2. Galaxy surface density. The VVDS galaxy surface density is computed in 3 
redshift domains, z=[1.4,2] (filled triangles), z=[2.7,3.4] (filled squares) and z=[3.7,4.5] 
(filled circles), compared to the surface density measured by Steidel et al.2–4 (open 
symbols and dashed lines). The VVDS surface density is consistently larger by factors 
1.6–6.2 at z≈3, and by factors 2–3.5 at z≈4. The surface densities plotted in this figure 
have been corrected for the survey sampling rate and the estimated fraction of incorrect 
redshifts. Errors include both the Poisson error associated with the observed number of 
galaxies and the errors in the estimated fraction of incorrect redshift measurements. 
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Figure 3. (u−g,g−r) colour diagram of the VVDS high-redshift galaxies. The u-g and 
g-r colours of galaxies are computed from their magnitudes in the u, g, and r bands (in 
the ultraviolet, green and red light, respectively). Galaxies with 2.7≤z≤3.4 are 
represented by circle symbols, and galaxies with less reliable redshifts in the same 
redshift range are represented by triangles. Galaxies at other redshifts are represented by 
small dots. The dashed line delineates the area where LBGs with 2.7≤z≤3.4 would be 
searched for if a colour–colour pre-selection was performed. The typical standard 
deviation errors on colours for the faintest galaxies are shown at the bottom right.  
